Experiments by Denhardt and Sinsheimer (2) on the inactivation of 4X174-infected bacterial complexes by the decay of 32P atoms, restricted to the parental viral deoxyribonucleic acid (DNA) strands, led to the conclusion that the "replicative form" (RF) of DNA, which includes the parental DNA strand, plays a special and essential role in the infection. For this role, it could not be replaced by daughter RF molecules. These experiments were performed in previously starved cells, in order to synchronize the bacteriophage growth in the manner first devised by Benzer (1) .
One interpretation of the Denhardt and Sinsheimer experiments is that there may be a restriction upon the number of parental OX particles that can reproduce in a previously starved cell. Experiments have been performed to ascertain whether there are such restrictions upon ,X reproduction under various physiological conditions. These experiments involve ultraviolet (UV) inactivation curves of 4X-infected bacteria and, independently, assays of the genotype distribution of the progeny of single infected complexes which have been multiply infected with several phage genotypes.
shaking for several hours at 2 to 4 C, the suspension of debris was centrifuged; the supernatant fluid was the "stock." The clear supernatant fluid resulting from a 50-mi culture usually containied 2 X 1010 to 2 X 1011 plaque-forming units of virus per ml and was stable to storage at 4 C for a period of months.
32P-labeled wtt was made as described by Denhardt and Sinsheimer (3); D15N32P iitt, as by Sinsheimer et al. (17) .
Media. Top and bottom agar for the phage assay were the tryptone media described by Sinsheimer (16) , except that no NaOH was added to bottom agar.
Starvation buffer (SB) and TKB were described by Denhardt and Sinsheimer (2) . Cells to be used as indicator or as hosts in a growth experiment were grown in TKB containing 10-3 M CaCl1. However, E. coli C1 was usually grown in TKB containing 5 X 10-4 M CaC12, to avoid the aggregation of these cells which occurs at higher Ca++ concentrations.
Samples containing phage alone were diluted in 0.021 M sodium tetraborate solution.
Medium 3XD (6) was the preferred growth medium for cells which were to be converted to spheroplasts. It contained, per liter of deionized distilled water: NH4C1, 3.0 g; MgSO4 7H20, 0.3 g; I M CaCI,, 0.3 ml; glycerol, 24 ml; Casamino Acids (Difco), 15 g; gelatin, 0.03 g; KH2PO4, 0.9 g; Na2HPO4; 2.1 g. The last two were added after the former components were dissolved in the water.
PA and PAM media, used for growth of infected spheroplasts, were described by Guthrie and Sinsheimer (11) . Bovine serum albumin (BSA), when required for stabilization of spheroplasts, was a dilution of Armour Bovine albumin, supplied by them as a sterile 30% solution.
Growth experimentts. The starvation synchronization system was described by Denhardt and Sinsheimer (2) . Briefly, cells grown to 108 per milliliter in TKB containing 10-3 M Ca++ were washed and suspended in SB, and aerated vigorously for 90 min at 37 C. This procedure yielded cultures which had stopped DNA, ribonucleic acid, and protein synthesis and cell division. Phage was then added, and, after a suitable time for both adsorption and eclipse (usually 5 min at 37 C), an equal volume of warm TKB was added to initiate development. When temperature mutants .j, 41, or -yh were among the viruses used, growth was at 30 C and a longer time was allowed for adsorption. Time was reckoned from the addition of TKB. Time before this was given a negative sign; -7 min means 7 min before TKB was added. With this system, at 37 C, the first intracellular progeny appeared at 9 min, the eclipse period was 11 to 13 min, and the minimal latent period was 15 to 16 min. At 30 C, these times were 15, 21, and 28 min, respectively. Mean burst sizes were somewhat variable, but were seldom outside the range of 50 to 300. The rate and extent of phage adsorption to starved E. coli C were indistinguishable from those of the same cells before starvation.
Starved cells prepared in this way and infected with a small ratio of plaque-forming particles to bacteria yielded just as many infected cells as did log-phase bacteria. It Multiplicities of infection (MOI) were obtained by dividing the initial number of colony-formers into the titer of phage known to have entered the eclipse phase just prior to the time when TKB plus anti-OX serum was added. Eclipse was followed by taking small samples of the combined phage and bacteria, chilling, and lysing the cells by treatment with lysozyme and EDTA. This procedure has been described elsewhere (2) , and yields smaller estimates of the effective multiplicity than are found by measurement of adsorbed virus.
Sinigle-burst experiments. Infective centers were chilled during development by dilution into a large volume of cold TKB. They were held on ice until convenient and, after further dilution if required, 0.25-to 0.5-ml volumes were distributed into a number of small tubes by use of a semiautomatic pipette (no. 1250; Becton, Dickinson and Co., Rutherford, N.J.). These tubes were then incubated at 30 or 40 C, for at least 3 hr, and plated. Assay was performed by combining 200 ml of melted soft agar and 30 ml of the indicator mixture at 42 to 44 C and delivering 2.3-mI portions of this into the tubes by means of a semiautomatic pipette mounted on a stand. [(kw) / (h + w)] is then the probability that a bacterium which can allow k phages to multiply will select at random from among h h-type and w w-type phage, a group of size k which does not include an h-type.
This expression is not defined when (h + w) < k, but, of course, in this situation all phages will multiply.
The other two terms are the probabilities that a culture infected with an average multiplicity of mh h-type and A,, w-type phage will yield cells infected by exactly h h-type and w w-type. Their product is the probability that a cell receives exactly hI and w of the two phages. The sum above, then, gives the probability that cells infected with an average of /lh and ,u, phage will yield bursts containing only w-type, if each bacterium will support the growth of a number of phage, k. The above reasoning follows Dulbecco (5) . At low total multiplicities, this expression must be normalized to the fraction of cells which yields bursts of any kind, [1 e-(w+Ph)], in order to compare it with the observed fraction of pure bursts. RESULTS UV inactivation experiments. Other studies of the sensitivity of the OX-E. coli C complex have led to the conclusion that inactivation of the complex results from inactivation of the intracellular phage DNA (4). In Fig. 1 Also shown in Fig. 1 is the inactivation of harvested for irradiation after 3 mini in the presence of complexes after various times of early develop-nutrienit, but cuirves ilndicate that development was slower ment. The dotted lines with solid circles were thani usual. multiple infection, only a few among the phages potentially able to grow in a cell are selected to reproduce themselves, If this interpretation is correct, then the probability of release of progeny of one type of phage will be a function of the number of phages with which it has to compete. The result of an experiment designed to test this idea is shown in Fig. 3 . A fixed number (1.5/cell) of HAHB, a host range mutant of OX, was used to infect starved E. coli C8 in the presence of various amounts of the wild-type phage. The fraction of cells which released only wt phage was measured. The result is compared to theoretical curves calculated by the method of Dulbecco (5) in which it is assumed that the phage which are to produce progeny are selected at random from among those which infect a bacterium, and that the distribution of infecting phage among bacteria is described by the Poisson distribution. The infected cells in this experiment were plated on a mixture of indicator bacteria, one of which was susceptible to both HAHB and wt and the other only to HAHB. Plaques corresponding to infective centers which released any HAHB could therefore be distinguished from those which yielded only wt. In addition, the phage released from single infected bacteria from several of these infections were plated on the mixed indicator after lysis, and the types of phage released were scored. Both types of data are presented in Fig. 3 , and the results are consistent with the interpretation proposed for the irradiation experiment: only a small number (one or two, according to the theoretical curves) of the phages infecting a starved cell are selected to propagate themselves. Another demonstration of this limitation on phage growth is presented in Fig. 4 This restriction upon mixed infections is not a general property of OX growth in E. coli C.
Depicted in Fig. 6 is the result of similar singleburst experiments in log-phase E. coli C. infected with KCN synchronization or without synchronization of any kind. As a control, a portion of the same culture was washed, starved, and infected with the same phage mixture. As usual, the majority of starved cells yielded pure bursts. However, cells grown in broth and infected without synchronization, or cells infected in the presence of KCN, gave yields little different from the prediction made by assuming unlimited phage participation. The observation of a distribution which contains a number of quadruple and triple bursts in reasonable agreement with that predicted supports the calculations used to make the predictions and lends credence to the difference between the calculated distribution and that observed in starved cells. E. coli C cells appear to be doublets in the phase microscope; the predominant type of cell is a rod with a constriction in the middle. It is unlikely that this doublet structure is related to the restricted maturation, however, since conversion of infected cells to spheroplasts, after which almost all bacteria appear to be undifferentiated spheres, has no effect on the genotype distribution (Fig. 7) .
Formation of RF. None of this evidence indicates the stage of phage growth at which the limit to maturation is imposed. Experiments intended to determine whether the DNA of the debarred phage is converted to the RF are summarized in Table 1 . RF is distinguishable from the parental single-strand DNA (SS) in a CsCI equilibrium density gradient by virtue of the density change accompanying its formation (17) . Therefore, the appearance of isotopically labeled parental DNA at the density characteristic of RF in a neutral CsCl equilibrium density gradient was taken as the criterion of RF formation. The amount of RF formed by the labeled phage was measured in the presence and absence of a high multiplicity of unlabeled virus.
It appears that the conversion of the labeled phage DNA to RF is unimpeded by co-infection with a large excess of unlabeled phage, i.e., under conditions previously shown to restrict the ability of the labeled phage to form progeny (Fig. 3) . This observation, of course, implies all that must come before: normal adsorption, eclipse, and access to intracellular enzymes. Normal adsorption and eclipse can also be ob- phages are selected to give rise to progeny. The others are able at least to reach the stage of RF.
The absence of such a strict limitation in unstarved cells suggests that the starvation procedure has limited the number of parental phages that can contribute to progeny. In this view, such a restriction may be present in unstarved cells also, but the number of 4X allowed to reproduce is sufficiently large that it is not detected in these experiments.
Conceivably, the starved E. coli cell contains a single "site" with which an RF must become associated for the production of progeny. RF is formed from every parental phage; however, of those so formed, only the one in possession of the site will be able to donate genetic markers to the phage released on lysis.
Two interesting possibilities may be distinguished for the quality conferred on the possessor of a site. The distinction might be an "active" one; that is, a site might have a specific role in some obligatory reaction in maturation, and its occupant would be the only vegetative phage able to perform this reaction. Alternatively, the site could also be "passive" and shield its possessor from inhibition.
The existence of this restriction upon the RF formed as a result of several independent, simultaneous infections raises the likely possibility that only one among the replicas of RF may be capable of contribution to progeny in singly infected, starved cells. This restriction provides an explanation for the previously mentioned observations of Denhardt and Sinsheimer (3) the parental strand of an RF, even after unlabeled RF have been generated by RF replication in unlabeled medium. It appeared from this result also that at least one necessary function is reserved to a single RF, in this case the RF containing the parental SS, the first RF formed in the infected cell. Indeed, it might be suggested that association of the parental RF with the "site" is a prerequisite to replication of the RF; thus, the parental RF automatically becomes the essential RF in such experiments.
The evidently limited number of sites required for virus growth suggests that a site might be a bacterial DNA replication point or something closely associated with it. Oishi, Yoshikawa, and Sueoka (13) observed that, at the high growth rate prevailing in enriched medium, Bacillus subtilis appears to have more than one growing point per chromosome, whereas during slower growth a single point of replication was suggested (19) . Similarly, Schaechter, Maaloe, and Kjeldgaard (15) found that the DNA content and number of nuclear bodies in Salmonella typhimurium increase with growth rate; Lark and Lark (12) reported that E. coli growing in glucose minimal medium replicates its two nuclear bodies simultaneously; in succinate minimal medium, which supports a slower growth rate, the cells retain two nuclear bodies, but replicate them one at a time, in sequence. These results recall our finding (Fig. 6 ) that cells growing in an enriched medium support the growth of several OX, but starved cells only one; the number of bacterial replication points might, then, determine the number of 4X able to grow simultaneously.
The extrapolation (to zero dose) of UV inactivation curves of early complexes of C8 is usually 1.5 (Fig. 2) , in good numerical agreement with the other measurements of its ability to support several infections. Similar irradiation of CN complexes (Fig. 1) , on the other hand, reproducibly yields extrapolates of 3; yet, the single-burst experiment (Fig. 4) (10) . The smaller fraction of quadruple bursts among the progeny of an unsynchronized infection than among those of cells infected in KCN (Fig. 6) Fig. 1 .
